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METHOD FOR PRECOMPENSATING
SIGNALS FOR MAGNETIC MEDIA NOISE

CROSS REFERENCE TO RELATED
APPLICATTION 5

This application 1s a continuation of application Ser. No.
08/208,997 filed Mar. 10, 1994, now abandoned, which 1s a
continuation-in-part of application Ser. No. 08/046,071 filed
Apr. 9, 1993, now U.S. Pat. No. 5,587,654,

10
GOVERNMENT RIGHTS TO THE INVENTION
This invention was made with government support under
orant ECS 9100157 awarded by the National Science Foun-
dation. The government has certain rights 1n the invention. >

BACKGROUND AND SUMMARY OF THE
INVENTION

The sources of noise 1n a readback signal from a magnetic
recording medium have been investigated and identified. »g
One of those sources includes the 1rregularities and defects
in the microstructure of the magnetic medium itself. For
many years, the noise generated from this source has been
thought, as with the noise generated from other identified
sources, to be random and subject only to statistical analysis 55
for 1ts determination. The inventors herein have recently
demonstrated that this noise component 1s 1nstead
deterministic, 1.e. 1s permanent and repeatable, depending
entirely on the transducer-medium position and on the
magnetic history of the medium. As confirmed by experi- 3
ments conducted by the mventors herein, when the medium
has had no signal written on 1t and has been recorded only
with DC fields, the observed readback signals are almost
identical. The magnetic contribution to the readback signal
under these conditions results from spatial variations in the 35
medium’s magnetization: magnetic domains, ripple, local
fluctuations of the anisotropy field and saturization magne-
tization. These local properties, 1n turn, are affected by the
morphology and magnetic properties of the individual grains
which make up the domain and which do not change after 4g
deposition. Hence, the noise from a nominally uniformly
magnetized region measured at a fixed position on a mag-
netic medium 1s reproducible. As shown by the inventors
herein, a magnetic medium may be DC saturated and its
output then measured to determine i1ts remanent state or 4s
remanent noise. The inventors have confirmed that this
remanent noise 1s a function of the magnetic microstructure
by comparing the remanent noise after a positive DC satu-
ration with the remanent noise after a negative DC satura-
tion. It has been found that these wave forms are virtual s5g
“mirror 1mages” of each other thereby demonstrating a close
correlation. Similarly, other methodologies were used to
confirm that the remanent noise was determinative,
repeatable, and related to the physical microstructure of the
magnetic medium 1itself. Remanent noise arising from the ss
permanent microstructure Appendixs identifiable features
characteristic of that permanent microstructure after practi-
cally any magnetic history. See Spatial Noise Phenomena of
Longitudinal Magnetic Recording Media by Hoinville,
Indeck and Muller, IEEE Transactions on Magnetics, Vol- g
ume 28, No. 6, November 1992, the disclosure of which 1s
incorporated herein by reference.

The inventive technique disclosed and claimed herein
relies upon the discovery that the microscopic structure of
the magnetic medium itself 1s a permanent random arrange- 65
ment of microfeatures and therefore deterministic. In other

words, once fabricated, the recording medium’s physical

2

microstructure remains fixed for all conventional recording
processes. In particulate media, the position and orientation
of each particle does not change within the binder for any
application of magnetic field; in thin film media, the micro-
crystalline orientations and grain boundaries of the film
remain stationary during the record and reproduce pro-
cesses. It 1s the magnetization within each of these fixed
microfeatures that can be rotated or modified which forms
the basis of the magnetic recording process. If a region of a
magnetic medium 1s saturated 1n one direction by a large
applied field, the remanent magnetization depends strongly
on the micro-structure of the medium. This remanent state 1s
deterministic for any point on the recording surface. Each
particle or grain 1n the medium 1s hundreds to thousands of
Angstroms 1n dimension. Due to their small size, a small
region of the magnetic surface will contain a very large
number of these physical entities. While the fabrication
process normally includes efforts to align these particles,
there 1s always some dispersion of individual orientations.
The actual deviations will be unique to a region of the
medium’s surface making this orientation deterministic and
making its effects susceptible to elimination. As can be
appreciated by those of ordinary skill in the art, noise
reduction enables increase 1n storage capacity, Increase 1n
data rates, and eases the burden on transducers, medium, and
system design and fabrication.

Although this discovery has been made by the inventors
herein, noise reduction techniques based on this discovery
have not been implemented. As this noise component of
remanent noise 1s deterministic, 1t may be reliably repeated
and measured at any particular point on a magnetic medium.
Accordingly, the inventors have developed several tech-
niques which take advantage of this fact for producing
uncorrupted pre-recorded signals which may be played back
by any playback device but which, when played back, have
already been compensated for the remanent noise compo-
nent. In other words, a magnetic recording may be recorded
at the factory with a signal which has been first compensated
for remanent noise such that as the signal 1s played back later
the playback signal or read signal has the remanent noise
component virtually eliminated. As the remanent noise
component may very well be the most significant factor in
noise emanating from pre-recorded magnetic media, this
noise reduction technique may very well provide a dramatic
reduction 1n noise with no required modification to the
tremendous number of playback machines presently in the
public’s hands. This would include playback machines for
the entertainment industry, etc. In a first embodiment of the
invention, the remanent noise 1s first determined and the
recording device compensates the original signal for the
remanent noise before writing the compensated signal on the
magnetic medium. These steps may be readily achieved with
conventional recording transducers, as explained herein.
Consequently, very little, if any, modification to existing,
recording equipment need be made to achieve these noise
compensated recordings.

A second methodology will also create uncorrupted pre-
recorded signals on magnetic medium. With this method, the
signal 1s first written on the magnetic medium, the written
signal 1s then read from the magnetic medium, this read
signal 1s then compared with the original signal. The differ-
ences therebetween are determined to be noise, the greatest
component of which 1s deterministic medium noise. The
original signal 1s compensated to eliminate this noise before
being recorded back at the same location on the magnetic
medium. Thus, after the compensated signal has been
recorded onto the magnetic medium, any other readback or
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playback machine would then produce a signal which has
been compensated for remanent noise.

In st1ll another embodiment of the present invention, the
inventors have developed a methodology for compensating
a signal read from a magnetic medium for remanent noise 1n
real time. This methodology permits a playback device to be
manufactured and sold which can play back pre-recorded
magnetic medium which has not 1tself been compensated
prior to recording, and produce a signal which 1s compen-
sated on readback. With this method, the signal 1s first read
from the magnetic medium, the remanent noise 1s deter-
mined for said magnetic medium, such as by saturating the

magnetic medium and reading the remanent noise directly
therefrom, and the signals are then compared to eliminate
the noise from the original corrupted signal prior to use. As
determining the remanent noise, as envisioned by the
inventors, involves destroying the original recorded signal
when the medium 1s saturated, another step to the method
may well include re-recording either the original signal or its
compensated counterpart. Thus, with this methodology, a
playback device may take a pre-recorded magnetic medium
whose signal has not been compensated, and transform it
into a magnetic medium with a compensated signal recorded
thereon such that further playbacks of the same magnetic
medium would possibly not require compensation. With this
methodology, if implemented 1n one alternative embodiment
thereof, a user with a suitable playback machine may very
well transform his entire collection of recorded media from
non-compensated to compensated magnetic media. In other
words, one may readily convert a collection of analog
cassette tapes having original non-compensated signals
thereon to a collection of analog cassette tapes having
compensated signals recorded thereon which may then be
played back by any playback device and produce what
should be an enhanced signal because of the noise reduction.

In essence, the present invention 1s elegantly simple and
adapted for implementation by conventional recording
transducers as are commonly found and used in virtually
every read or read/write device presently utilized by the
public at large. Such examples include cassette players,
magneto-optic disc players, and VCRs. In 1ts simplest
implementation, a conventional recording transducer need
merely DC saturate a specified portion of a magnetic
medium, and then “read” or “play back™ the remanent noise
which remains. This remanent noise, which 1s an analog,
signal, may then be used to compensate an original signal,
such as a musical program, dramatic reading, etc.

While the principal advantages and features of the mnven-
tion have been described above, and a number of examples
orven, a greater understanding of the invention may be
attained by referring to the drawings and the description of
the preferred embodiment which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a magnified representative depiction of the
microscopic structure of a region of magnetic medium;

FIG. 2 1s a magnified depiction of several tracks of a
magnetic medium having microscopic structure representa-
tively shown thereon;

FIG. 3 depicts three conventional recording transducers
and a magnetic medium traveling thereunder;

FIG. 4 1s a perspective view of a magneto-optic disc
player with a magneto-optic disc 1n its tray;

FIG. 5 1s a cassette player depicting a cassette tape for
play therein;

FIG. 6 1s a perspective view of a VCR with a tape ready
for 1nsertion;
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FIG. 7 1s a schematic diagram of the write-read-write
embodiment of the 1nvention; and

FIG. 8 1s a block diagram of the electronics shown 1n FIG.
7.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

As shown 1 FIG. 1, a region of magnetic medium 20 1s
built up with a plurality of microcrystalline structures 22 in
a random pattern. This microcrystalline structure 22 1s
comprised of particles or grains varying from hundreds to
thousands of Angstroms 1n diameter. The view of FIG. 1 1s
oreatly enlarged and magnified 1in order to depict this physi-
cal phenomena. As shown 1n FIG. 2, this microcrystalline
structure extends throughout the magnetic medium even
though the magnetic medium 24 shown 1n FIG. 2 may be
itself comprised of tracks 26, 28, 30 as well known 1n the art.

Referring now to FIG. 3, a plurality of conventional
recording transducers 32, 34, 36 are shown mounted 1n a
transducer transport 37 with a traveling magnetic medium
38 controllably driven past recording transducers 32, 34, 36
all as 1s well known 1n the art. Recording transducers 32—-36
are all connected to electronic circuitry 40, as well known 1n
the art, to control and read their mmput and output and further
process signals for playback or other use. Although only
three transducers 32, 34, 36 are being shown 1n FIG. 3, 1t will
be well understood to those of ordinary skill in the art that
a plurality of recording transducers of any number may just
as easily be provided and, as taught herein, may be required
in order to effect the purposes of the present mvention. In
implementing the present invention, the recording transduc-
ers 32—36 as shown 1n FIG. 3 may be considered as part of
a device which 1s used to create pre-recorded magnetic
medium with remanent noise compensated recordings.
Alternately, the device shown 1 FIG. 3 may be considered
as a playback unit of either a specialized playback device
with means for creating a remanent noise compensated
signal from a non-compensated pre-recorded signal, or a
standard playback device which may be used to play back a
remanent noise compensated magnetic medium. All of these
functions are achieved with conventional recording trans-
ducers and therefore are readily implemented using existing
and available technology.

A remanent noise compensated signal may be pre-
recorded onto a magnetic medium by utilizing the following
method. The remanent noise of the magnetic medium may
first be determined by DC saturating the medium and then
reading the remanent noise with a conventional recording
transducer. This would take transducer 32 to saturate the
medium and transducer 34 to read the remanent noise. The
original signal would then be compensated, using conven-
tional compensation circuits as 1s well known 1n the art to
modify the original signal such that it may then be recorded
by recording transducer 36. In this manner, using this
method and device as shown 1n FIG. 3, a pre-compensated
recording, pre-compensated for remanent noise, may be
created on magnetic medium 38. While there 1s a fixed and
close spacing between transducers 32-36, the remanent
noise 1s 1tself capable of being used for indexing the trans-
ducers 32-36 to thereby ensure that the compensated signal
1s recorded by transducer 36 for the remanent noise which in
fact appears at that point on the magnetic medium for which
saild compensation has been made. This 1s because, as
explained earlier herein, while the remanent noise 1s
random, 1t 1s unique to any particular point on the magnetic
medium and thus can be used to identify such point for
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benchmark purposes. While this 1s the perferred
embodiment, 1t should be understood that the remanent
noise 1s always there, whether the medium has been
recorded over or not. Therefore, 1t 1s not strictly necessary
that the specified portion of medium containing the rema-
nent noise be DC saturated, or DC saturated in the same

polarity in order to obtain the remanent noise.

In a variation of the first embodiment hereof, still another
methodology may be used to create a pre-recorded magnetic
medium having a signal recorded thereon which 1s remanent
noise compensated. This second embodiment involves the
steps of first writing the original signal on the magnetic
medium, such as for example by transducer 32 i FIG. 3,
reading the recorded signal from said magnetic medium
such as by transducer 34, comparing the read signal with the
original signal to determine the differences therebetween,
compensating the original signal, and then writing the com-
pensated signal with transducer 36. Using this methodology,
as with the first embodiment of the present invention,
magnetic medium 38 would thus receive a recorded signal
which has been compensated for the remanent noise inherent
in the magnetic medium 38. These compensated recordings
may then be played back by any conventional playback
device and produce a signal which 1s noise compensated.
This 1s important as with this 1mplementation of this
embodiment, uncorrupted copies or noise compensated cop-
ies of pre-recorded signals may be produced and made
available for play back by the large number of playback
devices already 1n the public’s hands. This could very well
be implemented for improving the pre-recorded playback of
musical and dramatic programs on magneto-optic discs,
cassette tapes (analog and digital), and VCR video tapes.

The 1nventors have developed a generalized model with
an algorithm for implementing the write-read-write embodi-
ment of the present invention. This generalized model 1s
explained in Appendix A. As noted therein, and referring to
FIG. 3 thereof, this generalized model compensates for
additive medium noise and explains a design approach for
implementing this embodiment with a silicon tap delay line.
As shown m FIG. 3 of Appendix A, the signal s,(t) 1s
processed by a write head, represented by h(t) onto a
magnetic medium. As 1t 1s written, the signal 1s corrupted by
two kinds of medium noise, non-repeatable medium noise
n,(t) and repeatable additive medium noise nt). This
corrupted signal 1s then read by a read head which processes
it as represented by a function g(t). In order to determine the
error function portion of the signal, the signal s, (t) is
processed as represented by a function b(t) which is the
equivalent of a write and read function, and then subtracted
from the output of the read head. Additionally, an electronics
noise signal w,(t) is added to represent the electronics noise.
The result is an error function e(t) which 1s representative of
the total noise introduced in the signal s,(t) by a write and
read function. Next, the error function e(t) is then processed
by a filter function c(t) which i1s the inverse of the noise
expected to be added by a later write and read function.
Finally, the output of the filter function c(t) is subtracted
from the data signal s(t) and a write head processes this
signal with the function h(t) to record it onto a magnetic
medium where 1t again suffers corruption through the two
kinds of magnetic medium noise, repeatable additive
medium noise nt) and also non-repeatable medium noise
n,(t). At this point in the model, a signal desired to be
recorded, s(t) has been recorded in a precompensated man-
ner as the function c¢(t) subtracts out the effects of the write
function, a later expected read function and the expected
repeatable additive medium noise n t). As the magnetic
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medium 1s then read by a read head and the signal processed
with the function g(t), a signal output y(t) is produced which
1s clearly compensated for.

Computer stmulations have been run on this methodology
utilizing the mathematical solutions for the various compo-
nents of the system. As indicated at page 9 of Appendix A
as well as FIGS. 5-7 of Appendix A, the precompensation
model disclosed theremn with the write-read-write scheme
yields a reduction in noise power on average. The amount of

the reduction depends on the ratio between the repeatable
noise power and all other noise. A distribution of noise
powers 1s shown 1n Appendix FIG. 5§ for 1,000 runs dem-
onstrating the significantly decreased noise levels expected
for recording with signal precompensation. Appendix FIGS.
6 and 7 further demonstrate the improved signal wave form
which 1s also achieved.

Further explanation of this write-read-write embodiment
of the present invention 1s found 1n FIGS. 7 and 8. As shown
in FIG. 7, a first write head 102 writes the signal s,(t) on the
medium 104. The recorded signal 1s then read by read head
106 which produces an output y,(t) to an electronics circuit
108, as explamed 1 FIG. 8. The electronics 108 produces a
compensated data signal which 1s then written by write head
110 back on the magnetic medium 104. The write head 110
thus writes a precompensated version of the data signal s(t)
which, after being read by another read head (not shown)
produces an output of data signal s(t) which has been
compensated for additive repeatable magnetic noise.

As shown 1n FIG. 8, the electronics 108 includes an adder
112 which subtracts an output signal d(t) from ideal channel
114 having a function b(t) which processes the diagnostic
signal s,(t) as equivalent to a write and read function.
Diagnostic signal generator 115 processes the data signal s(t)
to produce the diagnostic signal s,(t). For example, s,(t)
could be a DC saturation signal. The output of adder 112
produces an error signal e(t) which is then compensated by
compensation {filter 116 through a signal transformation
function c(t). As explained above, the compensation filter
function c(t) is the inverse of the noise expected to be added
by a write and read function. A second adder 118 subtracts
the output of compensation filter 116 from the data signal
s(t) to produce a signal which corresponds to a precompen-
sated data signal for writing onto the magnetic medium by
write head 110. As noted above, the generalized model and
algorithm for each of the functions included m FIGS. 7 and
8 may be readily determined by one or ordinary skill 1n the
art from the equations given 1in Exhibit A.

In still another implementation of the noise compensation
methodology of the present invention, a playback device
may be manufactured and sold which 1s capable of produc-
ing a noise compensated signal from recordings on magnetic
media which have not been noise compensated. In this
embodiment of the present invention, the signal is first read,
such as by recording transducer 32 1n FIG. 3, the remanent
noise 1s then determined such as by saturating the magnetic
medium with a signal from transducer 34 and reading the
remanent noise with transducer 36, and then the original
signal would be compensated with said remanent noise prior
to playback or other processing. Although not specifically
shown, a fourth transducer may be provided to re-record
cither the original signal or the compensated signal back on
the magnetic medium 38 for subsequent playback. With this
device and method, conventional recordings on magnetic
media may be compensated for remanent noise prior to
playback. Also, perhaps while being played, magnetic media
may be transtormed from uncompensated to noise compen-
sated recordings. Thus, with this implementation, a device




3,959,794

7

may be made and sold for use with the vast imnventory of
pre-recorded magnetic media presently i the public’s

hands.

In still another implementation of the present invention,
the unique remanent noise pattern may be used as a bench-
mark to locate a transducer at a particular position 1 a
magnetic medium. For example, for editing purposes, and as
previously explained above, the conventional recording
transducers 32—-36 as shown 1n FIG. 3 could be readily used
to determine the remanent noise at a particular position on
the magnetic medium 38. This could then be used to
reposition the transducers 32—-36 at the start or finish of an
edit, or otherwise to precisely position a conventional
recording transducer with respect to the magnetic medium.
This application would provide significant advantages in
dubbing, etc. which 1s commonly used for taking rough cuts
of many kinds of programs and editing them for final
production. For that matter, editing 1s used 1n a large number
of applications too numerous to mention herein. In each of
these applications, 1t 1s desired to accurately and reliably
reposition a recording transducer to ensure the continuity of
the signal and program through the discontinuity created by
the editing process. As the inventors’ methodology provides
a convenient and simple way to most accurately determine
the exact position on a magnetic medium, and to find that
exact position, the present 1nvention provides a unique and
novel way to position a recording transducer for editing.

As shown 1 FIG. 4, a magneto-optic disc player 64 has
a magneto-optic disc 66 1n 1ts tray 68 ready for play. As
explained herein, a magneto-optic disc player 64 may play
back remanent noise compensated magneto-optic discs 66.
Furthermore, although not presently commercially available
for home use, magneto-optic disc players 64 may soon be
available which are capable of recording onto magneto-optic
discs 66. In such event, all of the embodiments of the present
invention may be implemented such that magneto-optic
discs 66 may be noise compensated when played back, even
though 1ts original signal was not recorded 1n a noise
compensated format, and CD player 64 used to re-record a
noise compensated signal back onto magneto-optic disc 66.

Similarly, a cassette player 72 as shown 1n FIG. § has a
cassette 70 being inserted therein for play. This magnetic
medium 1s also susceptible to implementation of the 1nven-
tors’ methodologies to enhance the record and/or playback
of cassette 70 1n remanent noise compensated format.

A last example of an 1mplementation of the inventors’
methodologies 1s shown 1 FIG. 6 and includes a VCR 74
with a video tape cassette 76 being inserted therein. As the
video tape cassette 76 1s a magnetic medium, 1t 1s also

susceptible to the noise compensation methodologies dis-
closed and claamed herein.

There are various changes and modifications which may
be made to the mvention as would be apparent to those
skilled 1n the art. However, these changes or modifications
are 1ncluded in the teaching of the disclosure, and it 1s
intended that the 1invention be limited only by the scope of
the claims appended hereto.

What 1s claimed 1s:

1. Amethod for pre-compensating a signal for a remanent
noise comprising the steps of:

recording a diagnostic signal on a portion of a magnetic
medium,

reading said portion of magnetic medium having the
diagnostic signal recorded thereon,

computing a compensation signal from the reading of said
portion of magnetic medium,
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computing a source signal for recording using said com-
pensation signal, and

recording said source signal on said portion of magnetic

medium.

2. The method of claim 1 wherein the step of computing
the compensation signal includes the step of computing a
repeatable noise component of said portion of magnetic
medium.

3. The method of claim 2 wherein the step of computing
a repeatable noise component includes the step of computing
a repeatable noise component corresponding to a remanent
noise of said portion of magnetic medium.

4. The method of claim 3 wherein said remanent noise 1s
additive, and the step of computing the repeatable noise
component corresponding to said remanent noise includes
the step of subtracting a desired signal response for said
diagnostic signal from the reading of said portion of mag-
netic medium.

5. The method of claim 1 wherein the step of recording the
diagnostic signal includes the step of recording with a first
write head, the step of reading said portion of magnetic
medium 1ncludes the step of reading with a second read
head, and the step of recording the source signal includes the
step of writing with a third write head, all of said heads being
substantially aligned to sequentially traverse the same por-
tion of magnetic medium.

6. The method of claim 1 wherein the step of computing
the source signal includes the step of subtracting the com-
pensation signal from a signal desired to be recorded.

7. The method of claim 6 wherein the source signal
desired to be recorded 1s used as the diagnostic signal.

8. The method of claim 6 wherein the diagnostic signal 1s
a DC saturation signal.

9. The method of claim 1 further comprising the step of
reading a prerecorded signal from the portion of the mag-
netic medium upon which the diagnostic signal 1s subse-
quently recorded, wherein the step of computing a source
signal for recording includes computing said source signal
using the reading of said prerecorded signal.

10. A method for pre-compensating a source signal
desired to be recorded for a remanent noise comprising the
steps of:

writing a diagnostic signal on a portion of magnetic
medium with a first write head,

reading said magnetic medium portion having the diag-
nostic signal written thereon with a second read head,

clectronically synthesizing a compensation signal by pro-
cessing the reading of said magnetic medium portion
and the diagnostic signal,

clectronically synthesizing a recordable signal by pro-
cessing sald compensation signal and said source
signal, and

recording said recordable signal with a third write head.

11. The method of claim 10 wherein all of said heads are
substantially aligned with a direction of head travel so that
said heads sequentially traverse the same portion of mag-
netic medium.

12. The method of claim 11 wherein the step of synthe-
sizing a compensation signal includes the process of con-
volution.

13. The method of claim 12 wherein the step of synthe-
sizing a recordable signal includes the step of subtracting
said compensation signal.

14. The method of claim 13 wherein the step of subtract-
ing includes the step of subtracting said compensation signal
from the source signal.
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15. The method of claim 10 wherein the source signal 19. The method of claim 18 wherein the step of electroni-
desired to be recorded is used as the diagnostic signal. cally synthesizing a compensation signal further includes the
16. The method of claim 10 wherein the diagnostic signal ~ step of computing an error signal by subtracting the desired

signal response for said diagnostic signal from the reading of
said magnetic medium portion.
20. The method of claim 19 wherein the step of electroni-

1s a DC saturation signal.
17. The method of claim 10 further comprising the step of 5

rf—::admg the source signal from said magnetic medium por- cally synthesizing a compensation signal further includes the

tion with a fourth read l}ead. _ _ step of processing the error signal with a filter function
18. The method of claim 10 wherein the step ot electroni- representing an inverse of the noise expected to be added by

cally synthesizing a compensation signal includes the step ot subsequent recording and reading steps.

determining a desired signal response for said diagnostic 10

signal. I T
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